Mechanisms for controlling symbiont populations are critical for maintaining the associations that exist between a host and its microbial partners. We describe here the transcriptional, metabolic, and ultrastructural characteristics of a diel rhythm that occurs in the symbiosis between the squid Euprymna scolopes and the luminous bacterium Vibrio fischeri. The rhythm is driven by the host's expulsion from its light-emitting organ of most of the symbiont population each day at dawn. The transcriptomes of both the host epithelium that supports the symbionts and the symbiont population itself were characterized and compared at four times over this daily cycle. The greatest fluctuation in gene expression of both partners occurred as the day began. Most notable was an up-regulation in the host of >50 cytoskeleton-related genes just before dawn and their subsequent down-regulation within 6 h. Examination of the epithelium by TEM revealed a corresponding restructuring, characterized by effacement and blebbing of its apical surface. After the dawn expulsion, the epithelium reestablished its polarity, and the residual symbionts began growing, repopulating the light organ. Analysis of the symbiont transcriptome suggested that the bacteria respond to the effacement by up-regulating genes associated with anaerobic respiration of glycerol; supporting this finding, lipid analysis of the symbionts' membranes indicated a direct incorporation of host-derived fatty acids. After 12 h, the metabolic signature of the symbiont population shifted to one characteristic of chitin fermentation, which continued until the following dawn. Thus, the persistent maintenance of the squid-vibrio symbiosis is tied to a dynamic diel rhythm that involves both partners.
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Euprymna scolopes | microarray | mutualism | Vibrio fischeri | cytoskeleton M any symbioses begin each generation with the acquisition of their microbial partners from the surrounding environment. Once established, these ''horizontally'' transmitted associations are typically maintained throughout the life of the host. The persistence of the alliance requires that the partnership achieve stability, and a variety of strategies that mediate this stability have been selected over evolutionary time. With intracellular symbioses, the host must exert a strong control over symbiont proliferation. For example, in the associations between some leguminous plants and their nitrogen-fixing rhizobia, after entering and accommodating to host cells, the bacteria transform into a differentiated bacteroid state in which the symbionts are metabolically active but no longer divide (1, 2) . In contrast, extracellular symbioses, such as those in animal gut tracts or light-emitting organs, often have connections to the external environment through which excess cells produced by a growing symbiont population are released (3, 4) . In such symbioses, the host may assure stability by controlling symbiont number and/or activity on a daily, or ''diel,'' rhythm (5, 6) .
Recent studies have begun to find evidence of strong diel rhythms in gene expression and immune response by the cells of the mammalian gut (7, 8) . These rhythms are likely to impact the intestinal microbiota and, thereby, their role in normal tissue development, efficient nutrition, and disease resistance (3); nevertheless, little is known about how the microbiota either respond to, or control, these rhythms. A better understanding of how host epithelia communicate with complex consortia to maintain a dynamic stability may reveal how they avoid dysfunctional conditions such as inflammatory bowel disease (9); however, the complex nature of enteric microbial communities make this goal challenging.
As in vertebrate enteric-tract symbioses, in the association between the Hawai'ian squid Euprymna scolopes and the luminous bacterium Vibrio fischeri, the symbiont is acquired anew each generation, and is maintained along the apical surfaces of polarized epithelia in a complex light-emitting organ (4) (Fig.  1A) . Bioluminescence produced by the symbiont is used in the host's nocturnal behaviors, and varies in intensity over the day largely due to oxygen limitation in the organ, with the lowest levels occurring from just before dawn through early afternoon, and the highest during the night (10) . Superimposed on this rhythm of light production is the diel expulsion of most of the bacterial population each dawn, followed by a period of regrowth by the remaining symbionts (Fig. 1B) . The material expelled from the light organ contains symbiotic V. fischeri cells embedded in a thick matrix. Analysis of this matrix has revealed a collection of amino acids and peptides mixed with an acellular, host-derived, vesicular material (11, 12) . This rhythmic behavior begins at sunrise after the first day of symbiont colonization and repeats each day throughout the year-long life of the squid. How does the host epithelium orchestrate the cyclic growth and metabolic activity of its symbiont while maintaining a remarkably stable bacterial population within its tissues?
In this article, we used transcriptional analyses of both host and symbiont to characterize the molecular dialogue between the squid and its bacteria over the diel cycle. The resulting patterns of expression provided insight into cellular and physiological activities that underlie the natural, daily rhythm of this symbiosisspecifically, a daily effacement of the host epithelium and a cyclic change in anaerobic metabolism by the symbiont. These analyses demonstrate that the association has evolved a dynamic interplay between the partners that ensures the long-term stability of the association.
Results
General Gene Expression Trends Over the Diel Cycle. When levels of expression of both host and symbiont genes were compared at 6-h intervals over the daily cycle of squid activity and bacterial expulsion/regrowth, marked changes in the transcription of dozens to hundreds of genes were observed (Table S1 ); a total of ∼10% of the ∼14,000 host genes present in the EST library were regulated over four intervals of the diel cycle, and ∼17% of those of the symbiont. Some periods of the day showed highly active differential regulation and others relative quiescence, although the partners differed in the magnitude and timing of this character (Fig. 1C) . Specifically, an ∼50-fold difference in the number of differentially regulated host genes occurred between the most and least active periods, whereas only an ∼4-fold difference characterized the gene expression of the symbiont population. The two intervals of highest differential gene expression in host tissues occurred on either side of dawn; i.e., between 2200 and 0400 hours, which was dominated by up-regulated gene expression, and between 0400 and 1000 hours, which was dominated by downregulated gene expression (Fig. 1C and Tables S1 and S2). During each of these time intervals the symbionts showed a more uniform change in the percentage of genes that were up-or down-regulated ( Fig. 1C and Tables S1 and S3). The largest percentage of upregulated genes in the symbionts followed that of the host; i.e., it occurred after dawn (0400-1000 hours). Analyses of the lists of differentially regulated host and symbiont genes revealed that during some intervals, both partners changed the expression of a substantial number of genes associated with metabolism and signaling (Table S4 ), suggesting that certain times of the day are periods of dynamic interaction between the partners.
Independent assessment of the validity of microarray results was made either by QRT-PCR confirmation of gene-expression levels and patterns, or by the presence of predicted patterns of gene co-regulation. Specifically, in the host, 10 differentially regulated genes were analyzed at all four sampling points, for a total of 40 QRT-PCR assays (Table S5) . In this analysis, the level of differential regulation in the microarray was ≥2-fold in 16 of the 40 cases. In 12 of these, the microarray and QRT-PCR were differentially regulated in the same direction, often to approximately the same level of fold-change.
QRT-PCR analyses are problematic when comparing mRNA pools from different mixtures of nonisogenic bacterial strains (13) , such as those present in the genetically diverse symbiont populations of light organs (14, 15) . Thus, we assessed the validity of the expression patterns revealed by the symbiont array data in two other ways (SI Methods). We first asked whether these patterns were supported by well coordinated changes in distinct loci that are functionally linked. For example, we found that genes encoding closely linked metabolic activities (such as the formate dehydrogenase complex, or the glycerol-3-phosphate catabolism enzymes, discussed below) showed similar temporal patterns of expression (Table S6) . Second, we asked whether the array data indicated that genes within an operon had the same expression behavior. As a test of this prediction, we determined that in >73% (519 of 707) of the cases, the first and second gene in a predicted operon displayed coordinate regulation. χ 2 analysis of these results rejected the null hypothesis of non-co-regulated gene expression (P < 0.0001). Thus, although we used pools of total mRNA from several mixed populations of V. fischeri symbionts to hybridize microarrays in the presence of abundant host RNA, the resulting data appeared to reliably identify at least the most robust patterns of bacterial gene expression. In addition to the pre-and postdawn regulation of transcripts associated with metabolism and signaling, during the same time intervals we observed up-regulation of host immune-related genes and genes implicated in the response to stress (Table S4) . Taken together, the regulation of these types of transcripts suggested significant changes in the physiology of the light-organ epithelium around dawn. Further analyses revealed an enrichment in transcripts that encode proteins of the cytoskeleton; i.e., 3.5-fold greater than expected. Specifically, when the 32 cytos- keletal gene families present in the squid EST database (16) were analyzed, 23 (72%) of these were found to include genes that were differentially regulated across the diel cycle (Fig. 2A) ; 93% of the genes in these 23 families displayed the same dramatic pattern of regulation over the two time intervals (#2 and #3) just before and after dawn ( Fig. 2A and Fig. S1 ). This indication of cytoskeletal activity led us to examine the epithelium of the light-organ crypts by TEM at different times over the day-night cycle. For most of each 24-h period, the crypt epithelium is characteristic of that of healthy tissue: highly polarized, with lobate microvilli interfacing closely with the bacterial population (Fig. 2B) . However, in the hours right around dawn, these epithelial cells become effaced, and their apical surfaces appear to bleb into the crypts (Fig. 2C ) in a manner similar to tissues colonized by enteropathogens (17) . The presence of host-cell membrane vesicles was most apparent after the dawn expulsion of bacteria (Fig. 1B) , when the symbiont population is at its lowest level and is preparing to proliferate back to its normal size. Remarkably, within a few hours, an ordered microvillar border has been restored to the epithelium, and the light-organ crypts are again fully colonized by bacterial symbionts.
Correlation of Transcriptional Patterns with Symbiont Metabolism.
To better understand the metabolic activity that underlies reproliferation of the symbiont population each morning, we examined the changes in bacterial gene expression that occurred over the day-night cycle (Table S3) . A number of distinct metabolic patterns appeared, especially during the intervals around dawn. Just before expulsion (interval #2; 2200-0400 hours), , microfilament-and microtubule-associated) genes over the time intervals examined: #1 = 2200 hours relative to 1600 hours; #2 = 0400 hours relative to 2200 hours; #3 = 1000 hours relative to 0400 hours; #4 = 1600 hours relative to 1000 hours. The number of regulated microarray features (genes) with a given annotation are in parentheses. *, genes regulated when the stringency was relaxed to PSPC values of P < 0.1; †, 11 genes were not significantly regulated, and one was significantly up-regulated; ‡, 11 genes were significantly down-regulated, and one was not significantly regulated. Genes involved in either chitin utilization (light green) or glycerol utilization (magenta) are coordinately transcribed at peak levels during either the late night (interval #2; 2200-0400 hours) or morning (interval #3; 0400-1000 hours), respectively. Chitin genes include: circles, VF_0655; squares, VF_1598; triangles, VF_A0013; diamonds, VF_A0143; and hexagons, VF_A0715. Glycerol genes include: circles, VF_0072; squares, VF_A0235; triangles, VF_A0236; diamonds, VF_A0248; hexagons, VF_A0249; trapezoids, VF_A0250; and pentagons, VF_A0958. The relatively small, although statistically significant, foldchanges seen here have been noted in other studies of natural populations of genetically dissimilar strains (25) . ( there was a clear increase in expression of the genes required for the catabolism of chitin and its monomeric derivative, GlcNAc (Fig. 3A) . For example, genes encoding secreted chitinases, subunits of the chitobiose-specific transporter, and enzymes required to funnel GlcNAc into glycolysis were up-regulated (Table S6 ), suggesting that energy generation before dawn is driven by chitin fermentation, which is predicted to result in acidic by-products (Fig. 3B) . In contrast, just after expulsion (interval #3; 0400-1000 hours), chitin-utilization genes were down-regulated and remained depressed until the onset of night, whereas the genes associated with glycerol and G3P catabolism were up-regulated ( Fig. 3A and Table S6 ). Similarly, after dawn the symbionts induced genes associated with the anaerobic respiration (rather than fermentation) of glycerol, including formate dehydrogenase (Fdn), formate-dependent NO/nitrite reductase (Nrf), and a fumarate reductase (Frd), which is supported by an anaerobic succinate-aspartate antiporter system (DcuB/AspA) that supplies substrate to this reductase and removes its product (Fig. 3B) . Harvesting the resultant protonmotive force, the bacterium appears to use its ATPase to generate energy anaerobically from glycerol in a pH-neutral manner.
The ability of the bacteria to perform these predicted metabolic activities was confirmed in culture (Fig. 3C) . Interestingly, when using GlcNAc, V. fischeri has a higher cell yield growing fermentatively; in contrast, when glycerol is the carbon source, the bacterium grows more effectively by anaerobic respiration. One possible reason that the symbionts might shift their metabolism (i.e., from GlcNAc fermentation, to glycerol anaerobic respiration, and back again) would be that the two substrates are more efficiently converted to ATP by using these two different forms of anaerobic metabolism. To test this hypothesis, we modified an existing metabolic flux model for Escherichia coli (18) to better reflect V. fischeri metabolism (19) , and used it to estimate ATP production from different substrates. When the energy efficiency (i.e., ATP formed per carbon atom in the substrate) was mathematically analyzed using this model, it was predicted that under fermentation conditions GlcNAc would yield 12% more energy per carbon atom than glycerol (Fig. 3D) . Conversely, under conditions of anaerobic respiration, glycerol would out-yield GlcNAc. Thus, only if electron acceptors are unavailable will utilization of GlcNAc for ATP production be energetically more favorable than using glycerol. Although the nutritional conditions within the light organ remain unknown, taken together these calculations support the possibility that over the course of a 24-h period, the host provides different substrates to its symbionts to optimize their performance under the changing physiological conditions present in its tissues over the day-night cycle.
The temporal patterns of host and symbiont gene expression, as well as the coinciding change in the morphology of the epithelium, led us to hypothesize that after the host expels most of the symbiont population at dawn, the remaining bacteria repopulate the light organ by metabolizing the host-derived lipid vesicles surrounding them (Fig. 2C) . Such vesicular membrane material would be a rich source of glycerophospholipids, from which glycerol and G3P could be released by the activity of an induced periplasmic GlpQ (Fig. 3B) . We reasoned that the fatty acids freed from these host vesicles would be available for incorporation directly into bacterial membrane lipids, leaving a record of their source. Consistent with this prediction, we found that the symbiont's lipid profile was distinct from that of culture-grown V. fischeri; that is, it included not only the de novo-synthesized fatty acids (e.g., 16:1) characteristic of these bacteria, but also a subset of long-chain fatty acids (e.g., 20:4 and 22:6) characteristic of those found in host lipids (Fig. 4) .
Discussion
Dual-transcriptome studies of microbes and their hosts have been used to analyze both pathogenic (20) and, more rarely, beneficial associations (21-23). We report here determinations of synchronous gene-expression patterns for both partners of a symbiosis over the course of a day-night cycle. Another major difference between this study and those of others is the use of naturally occurring animal hosts. Although not as technically robust as analyses of laboratory-grown subjects, studies using wild-caught organisms better capture a view of how the association functions in nature. However, only pronounced changes in gene expression may be detected because mRNA isolated from natural populations of hosts and symbionts represents a mixture of alleles (15, 24) . Such mixtures will imperfectly match the array's oligonucleotide probes and may lead to the atypically low (<2-fold), but consistent, level of fold-change in gene expression found here (e.g., Fig. 3A ) and with other natural samples, such as V. cholerae in human stools (25) . Nevertheless, we show that, even with such genetic averaging, transcriptional examination of a natural symbiotic population can reveal statistically significant signals and drive the discovery of prominent biological processes and relationships.
One such discovery is that homeostasis in the squid-vibrio symbiosis is not achieved simply by maintaining a steady state set point, but rather involves a daily transformation of the microanatomy of host tissues and a corresponding set of transcriptional changes in both partners. The data demonstrate that, similar to many biological functions in animals, the symbiosis is controlled on a complex daily rhythm. This rhythm provides a mechanism for controlling the symbiont population's size and activity, apparently contributing to the maintenance of a stable, long-term association.
Based on the results presented here, we have begun to build a model of the complex interactions that support this association. Transcriptional analyses provide evidence that each day the symbiont cycles through at least two distinct metabolic states in response to different nutrient sources provided by the host (Fig.  3A) . Both of these predicted states are consistent with the oxygenlimited conditions present in the light organ (10) . After dawn, and throughout the daylight hours, the bacteria appear to respire nitrate/nitrite anaerobically (Fig. 3B) , using G3P derived from host membrane vesicles as a substrate. Supporting this hypothesis, 21 of 24 Vibrio genes that have been predicted from bioinformatics to be regulated by the nitrite-responsive elements NarPQ during anaerobic respiration (26) have an increased expression in the symbionts during the morning. A number of pathogens, including V. cholerae, also apparently respire nitrate/nitrite when hostassociated, and this metabolism plays a critical, but as yet uncharacterized, role in their virulence (27) (28) (29) . The source of nitrate/nitrite in these associations is not known; however, in the squid host it may come from a spontaneous oxidation of NO produced by the light-organ epithelium (30) . At night, a down-regulation of anaerobic-respiration genes occurs concomitantly with an up-regulation of the expression of genes associated with the fermentative catabolism of chitin (Fig. 3B) , a structural molecule in squid tissue that has been associated with initiation of the symbiosis (31) . Thus, chitin appears to replace G3P as a nutrient during the period when the symbiont population is not increasing and luminescence is maximal (10) . The number of genes with changes in level of expression during this replacement is consistent with that reported for E. coli changing from acetate to glucose metabolism (32) .
The hypothesis that, in the squid-vibrio symbiosis, one of the purposes for the cyclic changes in host tissue structure is to periodically provide the symbionts with membrane-derived glycerol and fatty acids (Fig. 4) is not without precedent. In certain pathogenic associations, epithelial cytoskeletal events such as effacement are bacteria-induced (33) , and host membrane-derived fatty acids may be directly incorporated by the pathogen (34) . Thus, these parallels in the ways beneficial and pathogenic bacteria interact with their hosts join a growing list of functional similarities in the mechanisms underlying animalbacteria associations (21) (22) (23) (35) (36) (37) (38) .
A daily program of profound modification of the anatomy and behavior of the host epithelium may not be unique to the squidvibrio symbiosis. Most notably, multiple lines of transcriptional and anatomical evidence emerging from mammalian systems (39) suggest that symbioses between gut consortia and their supporting host tissues may be similarly controlled. Transcriptional profiling of the murine distal colon has shown that gene expression in these tissues is circadian: >1,200 genes (3.7% of the mouse genome) exhibit rhythmic expression profiles (8) . There are also strong biological rhythms in gene expression of the immune system of the small intestine (7) . In addition, a recent study of the brush border of healthy mammalian enterocytes has reported that these cells periodically bleb their apical surfaces, releasing vesicles into the gastrointestinal lumen (40), although it was not determined whether this release occurs on a diel rhythm. As of yet, it is not known whether the normal microbiota either induce or benefit from any of these processes. However, because the normal microbiota work in concert with the epithelial and immune cells in the regulation of homeostasis (41, 42) , it seems likely that the activities of symbiont populations in the enteric tract will mirror these phenomena and, perhaps, play a significant role in the association's dynamic stability. Our results suggest parallels between events occurring in the mammalian intestine and in the squid light organ (43) . If these parallels exist, the maintenance of host-microbe stability would join the array of other complex animal behaviors that are controlled by diel rhythms.
Methods
Tissue Preparation for Microarray Analyses. Adult E. scolopes squid were collected on leeward Oahu, Hawai'i, transferred to outdoor tanks to maintain natural light cues, and allowed to recover for at least 1 week before sacrifice. Animals were anesthetized in 2% ethanol in seawater at four times over the day-night cycle (0400, 1000, 1600, and 2200 hours) and ventrally dissected, and the central cores of their light organs (Fig. 1A) were removed into RNAlater (Ambion) for microarray analyses (SI Methods).
Microarray Hybridizations and Analyses. Total RNA, containing both host and symbiont contributions, was isolated from sets of light-organ central cores (SI Methods). For the study of host gene expression, spotted glass microarrays were prepared from a nonredundant cDNA library containing 13,962 sequences, obtained from juvenile squid light organs (16) . Symbiont gene expression was determined by using a whole-genome custom GeneChip microarray (Affymetrix) designed from the V. fischeri ES114 genome (44) . For each of the four time-point samples, the hybridization signals were normalized by Affymetrix software (total signal per array = 10,000,000) to correct for different amounts of symbiont RNA in each sample (SI Methods). We sorted for genes that showed >1.5-fold differential regulation between at least two consecutive time points, with P < 0.01. The relatively low foldchange values are consistent with the levels found in other transcriptional analyses of naturally occurring mixed-strain populations (25, 45, 46) .
Validation of Array Analyses. To verify the differential expression of genes identified in the host array analyses, QRT-PCR was performed on selected transcripts (Table S5 ) from the same RNA pools used in the arrays (SI Methods). We analyzed the reliability of the symbiont array data as follows: operon predictions for the V. fischeri ES114 genome (47) were independently obtained from the DOOR database (48) . Within a normalized dataset, we limited our analysis to operons in which the first (5′-most) gene displayed a >1.5-fold change in expression across at least one of the time intervals in the study. Among these candidate operons, we determined whether the second gene in the operon demonstrated the same direction of change as the first.
Transmission Electron Microscopy of Host Tissue. For TEM, whole light organs were prepared by using a modification of the method described in ref. 49 (SI Methods). Samples were fixed and embedded at different times over the day-night cycle and examined for ultrastructural cytoskeletal changes.
Preparation of Symbionts and Host Tissue for Fatty Acid Analysis. The fattyacid compositions of purified symbiont-free host tissue, the tissue-free symbiont cells (removed from adult animals at noon), and cultured bacteria (SI Methods) were determined by gas chromatography/mass spectrometry (GC/MS) as described in ref. 50 . Control bacterial purifications were performed on mixtures of culture-grown V. fischeri cells and symbiont-free host tissues. Lipid extraction and analysis of these preparations revealed only bacterial fatty acids; essentially no host-tissue contamination was detected.
Metabolic Modeling of Symbionts. A constraint-based metabolic model developed for Escherichia coli K-12 (18) was modified to identify genes in V. fischeri required for growth on either glycerol or GlcNAc under anaerobic conditions. We eliminated 350 genes (and their corresponding reactions) from the E. coli model when no orthologous gene could be found in V. fischeri. Nitrate reductase reactions were also added based on the genome annotation for V. fischeri (19) . A flux-balance analysis (51) was then used to calculate the predicted maximum ATP production for each substrate, assuming an input of 10 mmol of carbon source/g dry weight/h.
